Abstract: This paper considers the control of switching electrical power converters which supply the voltage source of an inductive load. Such a system, which is controlled by switches, is a particular class of hybrid dynamical systems. For this kind of structure, the load current and the capacitor voltages must be jointly controlled. A Lyapunov function is proposed using the energetic properties of the model. This function allows to derive the sliding mode controller for each switches in order to ensure the tracking of the load current and a suitable distribution of the capacitor voltages across each cell. Numerical results demonstrate the efficiency of the proposed approach.
INTRODUCTION
Power electronics have been evolving through the last decades due to the developments of the semiconductor power components and new systems of energy conversion (see [1] ). Among these systems, multicellular converters, which appeared at the beginning of the 1990s ( [2, 3] ), are based on the association in series of the elementary cells of commutation. Those devices are electrical circuits controlled by switches (transistors, diodes). During this last decade, these systems become more and more attractive to industrial applications. Indeed, the harmonic contents of the waveforms are improved compared to the classical two levels converter technology using the same switching frequency. Furthermore, this structure enables the reduction of the losses due to commutations of power semiconductors while allowing cheap electronics components of large diffusion (see [4, 5] ).
To benefit as well as possible from the large potential of the multicellular structure, an appropriate distribution of the voltages crossing each cell is needed. These voltages are generated when a suitable control of switches is applied in order to obtain a specific value. The control of switches allows to cancel the harmonics at the switching frequency and to reduce switching losses and EMI (Electromagnetic ⋆ This work has been supported by International Campus on Safety and Intermodality in Transportation, the European Community, the Delegation Regionale a la Recherche et a la Technologie, the Ministere de l'Enseignement superieur et de la Recherche, the Region Nord Pas de Calais and the Centre National de la Recherche Scientifique.
Interference). One can refer to ( [6, 7] ) for instance.
Multicellular converters have received the attention of many researchers in the area of control and hybrid systems. Generally, a continuous control approach is used. Latter, a modulation strategy, i.e. pulse-width-modulation (PWM), is applied to translate the continuous control into switching orders (see [8] ). The models of power converters associated to PWM can be approximated by an average model (see [9] for details), which is often nonlinear. For example, a nonlinear control by input-output linearization is proposed in ( [10] ). A passivity based control is introduced in ( [11] ) and a stabilizing method using a Lyapunov function is given in ( [12] ).
Nevertheless, the use of an average model cannot represent the natural balancing of the terminal voltages of the capacities. Indeed, natural balancing is due to the harmonics of the charging current at the cutting frequency. Hence, it should be more interesting to directly use the exact or instantaneous model which takes into account the evolution at every time instance of all the variables including the state of the switch (discrete location). One can refer to ( [13] ) for a complete description. From this fact, all the average or harmonic phenomena are taken into account. Hybrid instantaneous modeling allows the multicellular converter to use powerful tools of analysis and synthesis for a better exploration of the possibilities of the controllers ( [14] ).
The approach proposed in this paper is a hybrid one based on physical considerations. The objective is to design a Lyapunov function, which allows to select an appropriate sliding mode controller in order to ensure the tracking of the load current and a suitable distribution of the capacitor voltages across each cell. Hence, our contribution is to present a robust controller where the control variables are directly the converter switching states such that any modulation strategy is needed.
The paper is organized as follows. In Section 2, the characteristics of the model for the class of systems under consideration and the control objectives are presented. In Section 3, the main contribution of this paper, which is the design of the control sequence for the switches of a multicellular converter, is presented. Section 4 highlights the efficiency of the proposed approach through numerical results.
PROBLEM STATEMENT

Multicellular converter modeling
The multicellular converter is based on the combination of elementary cells of commutation. Figure 1 depicts the topology of a converter with p independent commutation cells. The independency is due to the (p−1) internal capacitors and can be considered only for a few switching periods. As a matter of fact, the current flows from the source E to the output I through different converter switches. The multicellular converter shows, by its structure, a hybrid behavior due to discrete variables (i.e. switching or commutation logic). One can refer to ( [15] ) for details. Note that because of the presence of capacitors, there are also continuous variables (i.e. currents and voltages).
It is important to highlight that in order to standardize the industrial production, the electrical switches constraints should be similar. This requirement implies a unique voltage switch constraint of E p . Thus, it is necessary to ensure an equilibrated distribution of the capacitor voltages. Under these conditions, the reference voltage of the capacitor j (j = {1, . . . , p − 1}) is given by:
The dynamics of the converter (see [13] ), with a load consisting in a resistance R and an inductance L, is given by the following differential equations:
where I is the load current, c j is the capacitance, V cj is the voltage in the j−th capacitor and E is the voltage of the source.
Each commutation cell is controlled by the binary input signal S j ∈ {0, 1}. Signal S j = 1 means that the upper switch of the j−th cell is "on" and the lower switch is "off" whereas S j = 0 means that the upper switch is "off" and the lower switch is "on".
The discrete control input can be described as follows:
Hence, system (2) can be represented as:
Using the hybrid system formalism, introduced in ( [16] ), one can describe the system (4) as follows:
where
T is the applied control input which only takes discrete values.
The functions f (x, u) = A(u)x + B(u) and h(x, u) = Cx are vector fields defined by:
Using this formalism, the actuator and the continuous process are not separated for the modeling. Hybrid control directly chooses discrete state of the actuator in order to track the reference values for the continuous process state vector. Figure 2 depicts the synoptic of the hybrid control. 
Control objective
The goal of static power converters is to adapt the energy between the source E and the load with the best efficiency in order to minimize the energy losses. This minimization is important because it conditions the size, the efficiency and the reliability of the converter. As it was mentioned in the previous subsection, the serial multi-cellular converter enables to realize a safe serial assembly of components operating in commutation. In addition, it increases the degree of freedom for control and allows the use of less specific components. Moreover, it is interesting to use a converter with an arbitrary number of cells because of cost (cheaper components than the classical two-cells converter) and robustness in cause of a failure of one of its cells (see [5] ).
The safe and proper functioning of the power converter directly depends on the suitable distribution of the voltages across each cell. That is why, it is important to realize an internal regulation of the voltages across the terminals of the p − 1 capacitors.
In this paper, it is considered an inductive load. The aim of the proposed control algorithm is to find the appropriate switching combination such that the multicellular converter supplies the load current I as close as possible to the desired load current I ref while ensuring a suitable distribution of the voltages across each cell.
In the next section, a control algorithm, based on sliding mode, is presented. The control algorithm is based on the redundancy of the states of the converter in order to obtain the different levels of voltages at the converter output and at the terminals of the floating capacitors. This algorithm enables to directly and independently use the different levels of voltages of the converter.
SLIDING MODE CONTROLLER
We are now going to derive a direct control law of the converter. This control must preserve the correct voltage level across the capacitors. The characteristics of serial multi-cellular converters offer the possibility to adjust and to regulate the voltages across the floating capacitors by acting directly on the control signals of the latter.
Sliding mode control, which consists in constraining the motion of the system along manifolds of reduced dimensionality in the state space, is quite popular in the nonlinear control system community. It is a powerful method to control nonlinear dynamic systems operating under uncertainty conditions (see [17, 18] for instance). The advantages of this approach include fast response and robustness with regard to parameter variations. That is why, this property and its discontinuous character motivated the authors to consider such an approach for the current trajectory tracking of system (4).
Let us consider the following candidate Lyapunov function:
Since there is no jump, V is positive, continuous and null only for I = I ref and
. . , p − 1. Using Eq. (2), its time derivative, which depends on the value of the control signals, is as follows:
Let us denote
Expression (7) can be rewritten as:
Under the control law:
the multicellular converter supplies the load current I as close as possible to desired load current I ref while ensuring a suitable distribution of the voltages across each cell. The signum function is described as:
Indeed, from Eq. (11), one can note that:
Therefore, since S j+1 = 0 or S j+1 = 1, the term A j (S j − S j+1 ) of Eq. (9), is positive or null.
Due to electrical reasons, the inequality 0 ≤ RI ≤ E is always satisfied (see Fig. 1 
Therefore, the term (
, is negative or null.
Hence, one can conclude thatV ≤ 0. The asymptotic stability is therefore guaranteed using the proposed sliding mode controller.
NUMERICAL RESULTS
In order to illustrate the performance of the proposed controller given by Eqs. (10)- (11), we consider here a three cells converter connected to a RL load. Hence, the state of the converter is determined by three control signals. This system can be modeled by the system (2) with p = 3. Its parameters are as follows:
Obviously, owing to the structure of the converter, the switches of the same cell must be controlled in a complementary mode in order to avoid any short circuit of the voltage source. The voltage of the source is E = 1500V . In order to share out the voltages on the cells, one can chose:
The sampling period is set to T ech = 10 −4 s. This period represents the dead-time between two semiconductor commutations. The application of the strategy, given in Section 3, leads to the following switching control law:
A time varying current reference trajectory is depicted in Fig. 3 . One can see in Fig. 3-4 that the proposed controller manages to accomplish the trajectory tracking of the load current with high accuracy. Fig. 4 gives a zoom of Fig. 3 in order to highlight the efficiency of the trajectory tracking controller. In Fig. 7 , one can see the evolution of the Lyapunov function introduced in Eq. (6) . It can be seen that this function is decreasing. The applied switching sequence for each cell between 0.2s and 0.2005s is depicted in Fig. 8 . In Fig. 9 , one can see the different functioning modes of the three cells converter (eight modes depending on the control inputs). The load voltage level is depicted in Fig.  10 . It shows the four output voltage levels E, The robustness of the control can be analyzed when we consider a measurement noise on the state and a disturbance on the load resistance (i.e. R = 1.4R nominal ). In such a case, the state remains bounded in a small error.
The proposed sliding mode control law successfully stabilizes the tracking errors of the load current while ensuring a suitable distribution of the voltages across each cell. 
CONCLUSION
In this paper, a hybrid control strategy has been proposed for the control of switching power converters which supply the voltage source of an inductive load. It is based on a hybrid model in which both discrete and continuous variables are considered. A Lyapunov function is proposed using the energetic properties of the model. Based on this function, a sliding mode controller for each switch is designed in order to ensure the tracking of the load current and a suitable distribution of the capacitor voltages across [5] Bethoux O., and Barbot J.P., "Multi-cell chopper direct control law preserving optimal limit cycles", Preprints of the 18th IFAC World Congress Milano (Italy) August 28 -September 2, 2011
